Symbiotic corals are trophically complex, relying on both auto-and heterotrophy.
INTRODUCTION
Nutrition of symbiotic corals relies largely on organic compounds supplied by endosymbiotic dinoflagellates, usually from the genus Symbiodinium (hereafter referred to as symbionts) (Porter 1976 , Falkowski et al. 1984 . Up to 100% of the metabolic requirements of the coral host is supplied by photosynthetically-fixed carbon translocated from its symbionts under optimal light conditions (Muscatine et al. 1981) . Besides autotrophy, corals are also able to feed heterotrophically, particularly by capturing zooplankton and other planktonic organisms , Leal et al. 2014a . Experimental studies have shown that feeding increases photosynthesis, respiration and calcification rates in several coral species (e.g. Ferrier-Pagès et al. 2003 , Houlbrèque et al. 2003 , 2004a , Rodrigues & Grottoli 2007 . Heterotrophy is also known to play an important role in coral metabolism, particularly under stressful conditions such as when light is limiting or during bleaching events (Anthony & Fabricius 2000 , Palardy et al. 2008 .
There is ample literature on experimental studies of coral nutrition (see review by . In contrast, field studies assessing the importance of heterotrophy for coral metabolism are limited. This knowledge gap is likely associated with constraints in tracing nutrient fluxes between corals and their constantly changing food environment. Thus, to date only a few studies have assessed the grazing impact of whole coral communities, some by measuring the plankton abundance upstream and downstream of waters flowing above the reef (Glynn 1973 , Ribes et al. 2003 , Yahel et al. 2005 , Houlbrèque et al. 2006 , others by performing coral gut content dissections (e.g. Sebens et al. 1996 .
Stable carbon and nitrogen isotope ratios (δ 13 C and δ 15 N) have been used in laboratory experiments to assess the relative importance of auto-and heterotrophy in coral nutrition. A review of the literature indicates that δ 13 C signatures of corals and their symbionts are generally similar, as it reflects a high degree of nutrient exchange between the 2 partners (e.g. Muscatine et al. 1989 , Reynaud et al. 2002 , with a slightly more negative value for the coral host that further decreases if heterotrophy becomes the main nutrition mode (Muscatine et al. 2005) . The isotopic δ 13 C signature of tropical corals usually varies between −12 and −16 ‰, although in temperate corals it may reach −18 ‰ (e.g. Madracis mirabilis) or −28 ‰ (e.g. Cladocora caespitosa). The δ 15 N signature of the coral host is usually correlated with the heterotrophic food source, and is more enriched than the symbionts' δ 15 N signature because of nutrient recycling in the symbiosis (Reynaud et al. 2009 ). Although isotopes provide information on the trophic level and potential nutritional sources of the coral host, this method has rarely been used in situ to estimate the contribution of auto-and heterotrophy to coral nutrition and compare with potential food sources (e.g. Muscatine et al. 1989 , Alamaru et al. 2009 ). Moreover, to our knowledge, this approach has never been applied to assess the preferential prey of symbiotic and aposymbiotic corals in situ. As the nutrition of bleached corals may rely significantly on hetero-trophy , Hughes & Grottoli 2013 , it is important to know the natural food sources that support corals in situ, especially as corals face increasing challenges in the future ocean.
The present study focuses on the temperate scleractinian coral Oculina arbuscula. This species is endemic to the temperate waters of the northwestern Atlantic Ocean. O. arbuscula is a facultatively symbiotic species that naturally occurs with and without zooxanthellae, and therefore exhibits considerable nutritional plasticity (Miller 1995 , Piniak 2002 , Leal et al. 2014b . The aim of this study is to investigate the contribution of auto-and heterotrophy to nutrition in O. arbuscula living under different natural conditions and to determine the potential food sources. We hypothesize that the contribution of auto-and heterotrophy to O. arbuscula nutrition varies with symbiotic status of the colony, and with season. To address the proposed hypothesis, symbiotic and aposymbiotic coral colonies were sampled, and the isotopic signature of the coral tissue com-pared with that of potential autotrophic (symbionts) and heterotrophic (organic matter in the water column and sediment) food sources.
MATERIALS AND METHODS

Sampling
Corals were collected from Gray's Reef National Marine Sanctuary (GRNMS). GRNMS is located off the Georgia coast (USA) between the inner-and midcontinental shelf portion of the South Atlantic Bight (SAB). Coral specimens for this study were collected at 20 m depth (30.3939°N, 80.8853°W) under the manager's permit. GRNMS is structured as a ledge system with vertical relief hard-bottom levelling off into a sandy plateau habitat (Hunt 1974) . The reef is tidally influenced and seasonally dynamic with respect to temperature, light, turbidity, and nutrients. In addition, because it is relatively shallow it is regularly affected by large storms that often re-suspend the benthos (Hyland et al. 2006) .
Coral samples were collected during the spring (May 2012) and fall (October 2012). In each season, a branching portion of 5 symbiotic and 5 aposymbiotic coral colonies were randomly collected by SCUBA divers. Aposymbiotic colonies were usually found in shaded areas close to the ledge. Collected corals were enclosed underwater in a plastic bag containing the surrounding seawater and brought to the laboratory where they were cleaned of epiphytes and sediment. Coral samples were subdivided in 2, and frozen at −80°C. To characterize the isotopic signature of the particulate organic matter (POM) suspended in seawater, five 2 l bottles of seawater were sampled near the corals in each season using a Niskin bottle, and transported to the laboratory for filtration. A concentrated sample of large plankton organisms was collected at the sampling site during daytime with a vertical plankton tow (63 µm mesh size) close to the benthic environment. Samples for sediment organic matter (SOM) analysis were taken each season by SCUBA divers near the corals by scraping the upper 1 cm of the surface sediment into a plastic bag containing surrounding seawater (Riera 1998) . The sampling effort of the POM and SOM fractions in each season was performed to provide an overall characterization of the isotopic signature of the potential food sources of O. arbuscula and to frame this coral within the food chain, as performed by similar studies with benthic organisms (e.g. Riera et al. 1996 , 1999 , Ferrier-Pagès et al. 2011 , Cocito et al. 2013 .
Laboratory procedures
No more than 1 wk after sampling, the coral samples were thawed and individually placed in 100 ml beakers (pre-combusted at 480°C for at least 4 h) containing 20 ml of filtered seawater (0.7 µm). The coral tissue of each colony was completely removed from the skeleton with an air pick and homogenized with a Potter tissue grinder (pre-combusted at 480°C). Half of the homogenate was freeze-dried and used to estimate the mean signal of the holobiont (host tissue with its symbionts). The other half of the homogenate was separated into a coral host and a symbiont fraction. For the coral host fraction, the homogenate was centrifuged at 3000 × g for 10 min at 4°C to pellet most of the symbionts. The supernatant was re-centrifuged twice to eliminate the remaining symbionts, transferred to Pyrex Petri dishes and freeze-dried. The absence of symbionts in this fraction was confirmed by microscopic examination. For the symbiont fraction, the pellet obtained by centrifugation was washed several times with filtered seawater until no contamination by host cells was visible upon microscopic examination, and then freeze-dried. Holobiont, host and symbiont fractions were fumigated with HCl in a closed chamber for 18 h to remove carbonates and dried at 70°C for 24 h, ground to a fine powder and kept dried until subsequent analysis. Isotopic analyses were performed on these 3 sets of samples, with each colony treated individually. The other half of the coral samples were analysed for chlorophyll a (chl a) content and symbiont density. For this purpose, coral tissue was detached as previously described and homogenized in 12 ml of filtered seawater. A 2 ml sub-sample was taken to measure symbiont density following the method of Rocha et al. (2013) . The remaining 10 ml sub-samples were centrifuged at 5000 × g for 10 min at 4°C, and the pellet containing the symbionts was re-suspended in 10 ml of 90% acetone. Pigments were extracted at 4°C during the next 24 h. Chl a content was determined with and without acidification in accordance with Parsons et al. (1984) using a 10 AU Turner fluorometer (Turner Designs). Symbiont density and chl a data were normalized to coral surface area using the single wax dipping method (Veal et al. 2010) .
Water samples for POM analysis were size fractionated through inverse filtration to avoid cell breakage. The size fractions were: particles <10 µm (pico-and nanoplankton) and particles between 10 and 63 µm (large nanoplankton and small micro-plankton). Particles > 63 µm (zooplankton) resulted from the plankton tow collection. Each fraction was then filtered onto pre-combusted 25 mm Whatman GF/F filters, and the filters were dried at 70°C for 24 h. A fraction of the zooplankton samples was collected on filters and treated as above for stable isotope analysis.
For the measurement of stable isotopic ratios of SOM, particles larger than 63 µm were removed by sieving. A sub-sample of approximately 5 g of the fraction smaller than 63 µm was dried at 70°C and ground using a mortar and pestle. Afterwards, a subsample of approximately 200 mg was acidified as described for coral samples. Once acidified and dried (70°C), the sediment was mixed with Milli-Q water and again dried, ground to a fine pounder and dried.
Dried samples of coral, POM and SOM fractions were analysed for δ 13 C and δ 15 N using a Thermo-Fisher Delta V plus isotope ratio mass spectrometer coupled to a Thermo Flash elemental analyser (Fry et al. 1992) . Internal chitin standards (Sigma) crossstandardized to internal isotopic reference materials were run at the beginning of each run, and for every 10 samples. Average precision of standards and replicate samples for δ 13 C and δ 15 N was 0.1 and 0.2 ‰, respectively.
Statistical analysis
Chl a content per coral surface area, symbiont density and chl a content per cell were compared using a 2-way ANOVA, with the categorical factors being symbiotic status (2 levels: symbiotic and aposymbiotic colonies) and season (2 levels: spring and fall). The isotopic signatures of the different samples (holobiont, coral host tissue, symbiont) collected from both seasons (spring and fall) from coral colonies with different symbiotic status (symbiotic and aposymbiotic) were compared using a 3-way ANOVA. Whenever assumptions of normality and homoscedasticity were violated, ANOVA were performed on square-root transformed data. Tukey's HSD test was used when ANOVA revealed significant differences (p < 0.05). Isotopic signatures of SOM and different POM size classes were compared separately between seasons using a Student's t-test. The theoretical food source of the coral host was calculated taking into account a trophic enrichment of 1 and 3.5 ‰ for δ 13 C and δ 15 N, respectively, following Ferrier-Pagès et al. (2011) . All statistical analysis and plots were performed using R software (R Development Core Team 2013).
RESULTS
The density and concentration of symbiotic Oculina arbuscula symbionts and chl a, respectively, were similar between spring and fall (Fig. 1) . Symbiont density and chl a concentration were significantly lower in aposymbiotic colonies compared to symbiotic colonies (2-way ANOVA, p < 0.01). The amount of chl a per symbiont cell was significantly different be tween symbiotic and aposymbiotic corals (p < 0.05; symbiotic = 1.33 ± 0.39 pg cell −1 ; aposymbiotic = 0.54 ± 0.21 pg cell −1 ; average ± SD).
Carbon (δ 13 C) and nitrogen (δ 15 N) isotopic signatures are shown in Fig. 2 and Table 1 . A significant effect of season, symbiotic status and coral fraction (holobiont, coral host, symbionts) was observed in the δ 13 C isotopic signature ( Table 2 ). The δ 13 C was always similar between the holobiont and coral host regardless of symbiotic status (Fig. 2) , and similar between the coral host and zooxanthellae in symbiotic colonies for each season. Season had no effect on δ 13 C of the symbionts (Fig. 2) , but significantly changed the δ 13 C signature of the holobiont and coral host. This signature was ca. +1 and + 5 ‰ higher in fall than in spring for symbiotic and aposymbiotic corals, respectively (Tukey's HSD, p < 0.05). The δ 13 C signature of the holobiont and coral host was significantly more negative in aposymbiotic than in symbiotic colonies in spring (Tukey's HSD, p < 0.05). This same signature for the symbionts was similar between symbiotic conditions during both seasons.
A significant effect of season, symbiotic status and holobiont fraction was observed for the δ 15 N isotopic signature ( Table 2 ). In symbiotic corals, the δ 15 N iso- Table 1 . δ 13 C and δ 15 N values (mean ± SD) for the sediment organic matter (SOM) and different size fractions of particulate organic matter (POM) in spring and fall. Significant differences between seasons for each isotopic signature are marked with different letters topic signature was significantly lower in the holobiont than in the coral host during both seasons (Tukey's HSD, p < 0.05; Fig. 2 ). In contrast, there were no significant seasonal differences in δ 15 N signatures of the holobiont and coral host fractions from aposymbiotic colonies (Tukey's HSD, p = 0.76 and 0.88, respectively). Overall, the δ 15 N isotopic signature was always higher in the fall than in the spring for all fractions of the coral holobiont (Fig. 2) . Significant differences between symbiotic and aposymbiotic colonies were observed in the fall for the δ 15 N isotopic signature of coral host (Tukey's HSD, p < 0.05). The δ 15 N signature was significantly higher in the coral host than in the symbionts during both seasons, for both symbiotic and aposymbiotic colonies (Fig. 2b) .
The δ 13 C and δ 15 N isotopic signatures of SOM were generally lower than POM, and an overall increase in the signature of both isotopes was observed with increasing POM size classes (Table 1) . While the δ 13 C isotopic signature of SOM was lower in spring, all POM fractions displayed higher δ 13 C values in this season (Student's t-test, p < 0.05). The δ 15 N isotopic signatures of all POM fractions were significantly higher in the fall (Table 1) .
Carbon and nitrogen signatures of the different samples are plotted simultaneously in Fig. 3 . In order to identify the preferential nutrition mode of Oculina arbuscula in each season, the theoretical food source is also indicated. A similar pattern in the functioning of symbiotic colonies was observed in both seasons (Fig. 3a,b) , with the isotopic signature of the theoretical food source being relatively close to the signature of the symbionts. In aposymbiotic colonies (Fig. 3c,d) , the theoretical food source during spring and fall was similar to the smallest POM fraction (<10 µm), and also to SOM during the fall.
DISCUSSION
This study examined the contribution of algal symbionts and external food sources to the carbon and nitrogen balance of the temperate scleractinian coral Oculina arbuscula. The isotopic signatures observed for the different coral fractions and potential food sources confirm that pico-and nanoplankton (<10 µm) and SOM largely contribute to the nutrition of O. arbuscula in situ. The results of this study also confirmed our 2 hypotheses, as auto-and heterotrophic contributions to O. arbuscula nutrition varied with the symbiotic status of the colony and with the season.
The similar δ 13 C isotopic signature of the different fractions (holobiont, coral host and symbiont) in symbiotic colonies suggests high nutrient exchange between the symbionts and the host. However, the isotopic signature for the host and particularly for the symbionts (about −20 ‰) was more negative than is typically reported in tropical symbiotic corals, which usually display higher δ 13 C, closer to −12 ‰ (e.g. Muscatine et al. 1989 , Swart et al. 2005 . This is probably associated with the highly productive temperate and often turbid waters where Oculina arbuscula occur (Miller 1995) . Low light levels influenced the δ 13 C signature, as did the heterotrophic status of the colony (Muscatine et al. 1989 , Seemann et al. 2013 ). Larger heterotrophic contribution may be associated with lower autotrophic inputs due to the relatively low zooxanthellae density present in symbiotic colonies (Fig. 1a ) as compared to other tropical and temperate symbiotic corals (e.g. Fitt et al. 2000 , Rodolfo-Metalpa et al. 2006 , Ferrier-Pagès et al. 2011 ).
The δ 15 N isotopic signature of the coral host also indicates a high degree of heterotrophy. Regardless of symbiotic status, the theoretical food source of the coral host had a similar δ 15 N signature to that of <10 µm POM fraction in both seasons, and also to SOM in fall (Fig. 3) . Further, the seasonal changes observed for the isotopic signature of the coral host are likely associated with the seasonality of heterotrophic food sources (Table 1) , as the variation of δ 15 N isotopic signature between spring and fall for the symbiotic (+ 0.8 ‰) and asymbiotic (+ 2.1 ‰) coral host followed the same trend of the <10 µm POM fraction (+1.3 ‰). This also supports the hypothesis that the primary nitrogen source for both symbiotic and aposymbiotic colonies derives from heterotrophy , Piniak et al. 2003 . Moreover, the difference observed for the δ 15 N isotopic signature among the holobiont fractions (Fig. 2b) is probably due to a higher retention of heavy nitrogen by the host (after prey ingestion), and excretion (and subsequent re-uptake by the zooxanthellae) of light nitrogen from waste products (Reynaud et al. 2009 ). This nutrient recycling in the symbiosis contributes to the δ 15 N enrichment of 3 ‰ observed between the coral host and the symbionts observed during both seasons (Fig. 2) . Heterotrophy was the expected nutrition mode of the aposymbiotic colonies (Miller 1995) . The large difference between symbionts and coral host and holobiont fractions support the low contribution of autotrophy ( Fig. 3c,d) . In contrast to the results observed for symbiotic colonies, the δ 13 C isotopic signature of the coral host was significantly lower than that of the symbionts (Fig. 2a ). However, this was not detected in asymbiotic colonies during fall. The δ 13 C isotopic signature of asymbiotic Oculina arbuscula in the fall was similar among all coral fractions, and to the results observed for symbiotic corals (Fig. 2a) . One possibility is that aposymbiotic col onies sampled in the fall were originally symbiotic and recently bleached. The results could therefore reflect the isotopic signature of the coral in its former symbiotic condition, where both auto-and heterotrophy occur (mixotrophy), together with high nutrient exchange be tween the host and symbionts. It has been speculated that corals rely on energy reserves from auto- (b,d) . Asterisks correspond to the theoretical food source of the coral host, taking into account the trophic enrichment of 1 and 3.5 ‰ for δ 13 C and δ 15 N, respectively. H = holobiont; C = coral host; S = symbiont; SOM = sediment organic matter; <10 = seawater organic matter <10 µm; 10−63 = seawater organic matter between 10 and 63 µm; > 63 = seawater organic matter > 63 µm trophy when bleached (Grottoli et al. 2004) , and that both photoautotrophic and heterotrophic acquired carbon play a crucial role in the recovery from bleaching (Hughes et al. 2010 , Hughes & Grottoli 2013 . As autotrophy in O. arbuscula has not been considered to be as important as in tropical corals (Muscatine et al. 1989 (Muscatine et al. , 2005 , it is important to determine to what extent this holds true for this coral in its natural environment. Here, we address this question through calculation of the isotopic signature of the theoretical food source (Fig. 3) . Although the exact number for isotopic fractionation for this coral species is unknown, results for symbiotic O. arbuscula show that the isotopic signature of the theoretical food source is similar to the symbionts in symbiotic corals and to certain fractions of organic matter available in the environment (Fig. 3a,b) . While it is not clear which of these fractions is the preferential food source for the symbiotic colonies due to the contribution of autotrophy to the coral's nutrition, the theoretical food source of these colonies in the fall was also similar to the isotopic signature of SOM. Aposymbiotic Oculina arbuscula was notably similar to the <10 µm POM fraction in spring ( Fig. 3c ) and also to SOM in fall (Fig. 3d ). This reliance on picoand nanoplankton during both seasons has only been reported in few studies, as this small planktonic fraction has been overlooked as a potential food source for scleractinian corals (e.g. Houlbrèque et al. 2006 , Naumann et al. 2009 , Ferrier-Pagès et al. 2011 . While the analysis performed in this study does not allow us an accurate characterization of the organisms present in the <10 µm POM, it is known that this fraction is mainly composed of bacteria, phototrophic and heterotrophic flagellates, diatoms and cyanobacteria (Lalli & Parsons 1997) . In the SAB region, phototrophs account for 60 to 90% of the carbon biomass of pico-and nanoplankton, particularly diatoms that compose 30 to 70% of the phototrophic community (Verity et al. 1993 (Verity et al. , 1996 . In recent laboratory experiments, Leal et al. (2014a) demonstrated that symbiotic O. arbuscula is able to feed on microalgae from 4 to 12 µm. Herbivory is a poorly documented feature of symbiotic corals ) that has already been reported for several asymbiotic soft corals (Fabricius et al. 1995 (Fabricius et al. , 1998 and only more recently has been described for a reduced number of symbiotic corals (Tremblay et al. 2012 , Seemann et al. 2013 . While the molecular trophic markers used by Leal et al. (2014a) provide information on prey capture, the present study provides information on the coral food sources that were assimilated over time. This supports the hypothesis that small planktonic organisms, including phytoplankton, may play a relevant contribution to the nutrition of scleractinian corals such as O. arbuscula.
In conclusion, this study suggests that SOM and the planktonic fraction <10 µm, which is abundant and constantly available in reef waters (e.g. Furnas et al. 1990 , Ferrier-Pagès & Gattuso 1998 , Tada et al. 2003 , are important nutrient sources for Oculina arbuscula. The use of stable isotopes, together with molecular trophic markers used by Leal et al. (2014a) , contributes to the growing evidence that the small autotrophic and heterotrophic planktonic fraction importantly contributes to the nutrition of symbiotic scleractinian corals (Houlbrèque et al. 2004b , Naumann et al. 2009 , Tremblay et al. 2012 ). These new data on the feeding preferences of symbiotic scleractinian corals may change our understanding of trophic interactions in coral reefs, because picoand nanoplankton have been overlooked as a potential food source for symbiotic corals. 
